Gene sequences from Escherichia coli, Salmonella typhimurium, and other members of the Enterobacteriaceae show a negative correlation between the degree of synonymous-codon usage bias and the rate of nucleotide substitution at synonymous sites. In particular, very highly expressed genes have very biased codon usage and accumulate synonymous substitutions very slowly. In contrast, there is little correlation between the degree of codon bias and the rate of protein evolution. It is concluded that both the rate of synonymous substitution and the degree of codon usage bias largely reflect the intensity of selection at the translational level. Because of the high variability among genes in rates of synonymous substitution, separate molecular clocks of synonymous substitution might be required for different genes.
Introduction
Comparative studies of protein sequence data have provided ample evidence that the rate of molecular evolution is inversely related to the degree of selective constraint on the sequences or sites involved (Dayhoff 1972; Kimura 1983) . Thus, given that there is much variation among proteins in the functional stringency of the precise amino acid sequence, it was not surprising to discover that the rate of nonsynonymous (i.e., amino acid-replacing) nucleotide substitution varies greatly among genes (Miyata et al. 1980; Kimura 1983) . On the other hand, it was commonly thought that most synonymous mutations are subject to no strong selective constraints and that therefore the rate of synonymous substitution should not vary much among genes. Analyzing the then available DNA sequence data, Miyata et al. ( 1980) found that this was indeed the case, and they suggested that synonymous substitutions from different genes could be pooled to serve as a molecular clock. However, subsequent analysis of a larger number of mammalian genes has revealed that the synonymous rate varies considerably among genes (Li et al. 1985b) . Although there was a positive correlation between the synonymous and nonsynonymous rates in the same gene, this correlation could explain only part of the variation in the synonymous rate (Graur 1985; Li et al. 1985b) .
On the other hand, a large body of evidence has been gathered that demonstrates that the use of alternative synonymous codons is far from random (Grantham et al. 198 1; Ikemura 1985) . The pattern of codon usage is species specific (Grantham et al. 198 I) , but within each species there is considerable variation in the degree of codon usage bias. For example, in Escherichia coli and the yeast Saccharomyces cerevisiae the bias is much stronger in highly expressed genes than in moderately and lowly expressed genes (Bennetzen and Hall 1982; Gouy and Gautier 1982; Sharp and Li 1986; Sharp et al. 1986 ). Selective differences among synonymous codons have been hypothesized, largely related to the relative abundance of isoaccepting tRNAs and their interaction with different codons (Ikemura 198 1, 1985; Grosjean and Fiers 1982) . In E. coli and yeast, very highly expressed genes use almost exclusively the small group of codons that are presumed to be optimal for efficient translation (Ikemura 198 1, 1985; Bennetzen and Hall 1982) . Apparently, the large variation in codon usage bias in E. coli and yeast genes reflects variation in selective constraints mediated through the process of translation.
Possibly the variation among genes in the rate of synonymous substitution and in the degree of codon usage bias are two aspects of the same phenomenon, i.e., both may reflect the variation among genes in selective constraints on synonymous-codon usage. If this is true, then the rate of synonymous substitution should be inversely related to the degree of codon usage bias. A preliminary study based on a few genes (Ikemura 1985) has suggested that this is true. Here we use recently determined DNA sequence data from E. coli, S. typhimurium, and a few related species to demonstrate that a significant negative correlation indeed exists between the rate of synonymous nucleotide substitution and the degree of codon usage bias.
Material and Methods
DNA sequence data are available for 23 pairs of homologous genes from Escherichia coli and Salmonella typhimurium (table 1) and for several pairs from some related species (table 2) . Estimated numbers of synonymous and nonsynonymous nucleotide substitutions between genes were calculated by a method that takes account of both the degree of degeneracy of nucleotide sites and the different rates of transitions and transversions (Li et al. 1985b) .
The degree of synonymous-codon usage bias was measured by the "codon adaptation index" (CAI; Sharp and Li 1987) , which estimates the extent of bias toward codons that are known to be favored in highly expressed genes. Each codon is assigned a relative "adaptiveness" value according to its frequency of use in a species-specific reference set of very highly expressed genes, and the CA1 for a gene is then calculated as the geometric-mean relative adaptiveness of its codons. A CA1 value of 1 .O indicates that the gene in question contains only optimal codons and thus has the greatest possible degree of bias. A value close to zero indicates extensive use of codons that normally are rare. Examination of very weakly expressed E. coli genes suggests (1) that the frequencies of these rare codons are usually even lower than would be expected on the basis of random codon usage (Sharp and Li 1986) and (2) that the observed CA1 values for E. coli genes are all higher than the CA1 value (-0.17) for a sequence in which all 6 1 sense codons are equiprobable. Escherichia coli and S. typhimurium exhibit similar patterns of codon bias (Ikemura 1985) , presumably because they are so closely related that similar constraints operate on codon usage in the two species. A reference set of 27 very highly expressed E. coZi genes (mainly ribosomal protein, elongation factor, and outer-membrane-protein genes; see Sharp and Li 1986) was used to calculate CA1 values for both the E. coli and S. typhimurium genes (table 1) . For each gene, the CA1 values for the two species are quite similar.
Results
Since the divergence time is the same for all orthologous pairs of Escherichia coli and Salmonella typhimurium genes, we can compare the relative rates of evolution NoTE.-Gene sequences were taken from GenBank ( 1986) except for cheY (Stock et al. 1985) , frpC and trpD (Horowitz et al. 1983) , p&4 (Kaplan et al. 1985) , dnaG, rpaD, and rpsU (Erickson et al. 1985) , ZzisZE (Chiariotti et al. 1986 ), crp (Cossmt et al. 1986 ), orfl (Neuhard et al. 1985 , iZvY (Wek and Hatfield 1986; R. C. Wek, personal communication) , metB (P. McWilliam and S. Thompson, personal communication) , ilvM (Lopes and Lawther 1986), &4 (Rocha et al. 1985) ompA (Freud1 and Cole 1983) merJ (Saint-Girons et al. 1984; Urbanowski and Stauffer 1985) , and rpoB (Sverdlov et al. 1986 ).
a Partial sequence. b Open reading frame upstream of pyrE.
in different genes (table 1) . Interestingly, there is a large range in synonymous-substitution rates among genes. The two very highly expressed genes--rpsU and ompAhave both the greatest bias in codon usage and a very low degree of synonymous divergence (table 1) . Three other genes with a high codon bias--rpoB, rpoD, and glti-also show comparatively low rates of synonymous substitution. Among genes with a low codon bias (i.e., those in which CA1 < 0.4), there is considerable variability in the synonymous-substitution rate, Ks; but high Ks values predominate among the longer sequences (i.e., those in which I > 200), which have a smaller SE for the estimates of KS.
Ks has been plotted against the degree of codon bias ( fig. 1 ). There is a significant negative linear correlation (coefficient 0.68, P < 0.01) between these two statistics, confirming that genes with a more extreme synonymous-codon bias undergo synonymous substitution at a slower rate. Among the genes with a low codon bias (CA1 ' Computed using a reference set of very highly expressed genes from E. coli.
b & and KA = number of synonymous and nonsynonymous substitutions, respectively, between species.
< 0.4), the two with the lowest Ks values are rather short, and so the low Ks values could have arisen from sampling errors. The iZvM gene, which has a Ks value much lower than would be expected on the basis of its CA1 value, is a short, previously unrecognized gene sandwiched between iZvG and iZvE and contains within its coding sequence a promoter for the iZvE gene (Lopes and Lawther 1986). The need to conserve this regulatory sequence may serve as an extra constraint reducing Ks in iZviM Sequence data are available for some genes from species of Enterobacteriaceae other than E. coli and S. typhimurium, notably KZebsieZZa pneumoniae, Enterobacter aerogenes, and Serratia marcescens. KZebsieZZa pneumoniae and E. aerogenes are considered to be more closely related to each other than either is to E. coli (Brenner 1984) , and so the divergence times between E. coli (or S. typhimurium) genes and K. pneumoniae or E. aerogenes genes should be equivalent. Serratia marcescens is considered to be more distantly related to all of the above species (Brenner 1984) , and so any comparisons between 5'. marcescens and the other species should involve equivalent time scales. Estimates of nucleotide substitution among these species are detailed in table 2. For the genes with low CA1 values (i.e., pabA, trpA, and trpG), the Ks values are generally high-and near the level of saturation of synonymous substitutions. Again the genes with a high synonymous-codon bias (ompA and Zpp) show a much lower synonymous divergence. These data are entirely consistent with those in table 1 and figure 1, bearing in mind the longer divergence times.
Discussion
The correlation coefficient computed in figure 1 should be taken with caution because the estimated Ks values may not be reliable when the true values are considerably higher than one (Li et al. 19853 ). However, a significant correlation between CA1 and Ks is observed even if one uses the observed proportion of differences at synonymous sites instead of the I& value. For simplicity, we have assumed a linear correlation ( fig. 1) . We tried various transformations (e.g., logs, squares) of the axes, but the correlation coefficients obtained were very similar to one another.
Comparison of the rates of nucleotide substitution at noncoding sites (e.g., pseudogenes), coding but degenerate sites (i.e., sites at which synonymous mutations can occur), and amino acid-determining sites has revealed an inverse relationship between the rate and the degree of functional constraint (Kimura 1983; Li et al. 1985~ ). Here we extend that observation to synonymous sites in different genes that appear to be under different degrees of constraint, as interpreted on the basis of the observed degree of synonymous-codon bias. This confirms the preliminary observations of Ikemura ( 1985) , which were made on the basis of data for only a few genes.
Horizontal transfer of genes between Escherichia coli and Salmonella typhimurium would produce gene pairs with surprisingly low synonymous divergence for a particular degree of codon bias. In figure 1 a few genes seem to be in this category, but the two outstanding examples can be explained by the small number of codons examined (w2et.J) and/or extra sequence constraints (iZuM), so that interspecific exchange does not appear to be an important confounding factor here.
Among mammalian genes there is a tendency for genes with a high nonsynonymous rate, KA, to have a high KS (Graur 1985; Li et al. 19853) . Similarly here the correlation of KA and Ks for the E. coli-S. typhimurium comparison is 0.57. Whereas KA is influenced by selection at the protein level, Ks is presumed to be influenced by selection on synonymous-codon usage, i.e., at the level of translation. The correlation of KA and Ks indicates that, among the genes studied, those that are highly expressed and tend to have a high CA1 and a low Ks also tend to encode conserved proteins. However, a direct relationship between protein sequence constraint and codon bias seems unlikely, since the (negative) correlation of KA and CA1 is only 0.36. The importance of the precise amino acid sequence to protein function-and hence the degree of sequence conservation (and K,+)-can vary along a peptide. In contrast, the synonymous-codon composition is a property of an mRNA as a whole, so that the degree of codon bias (and hence Ks) should be comparatively uniform along a gene. This is dramatically illustrated by the tar gene. The amino-terminal half of the tar-gene product has diverged more rapidly than any other protein examined here, whereas the majority of the carboxy-terminal half is quite conserved (table 1, bottom). In contrast to the rate of amino acid replacement (reflected in KA), Ks is very similar in the two halves of the gene (table 1) .
It has been suggested that in some cases the level of gene expression is modulated evolutionarily by the selection of rare codons to reduce the rate of translation (see, e.g., Grosjean and Fiers 1982; Konigsberg and Godson 1983) . On the basis of this assumption it would be expected that this constraint on codon usage would reduce Ks, just as selection for optimal codons in highly expressed genes reduces the rate. In particular, it has been reported that the dnaG, ZacI, trpR, and araC genes of E. coli have an excess of rare codons, a situation that has been explained as a mechanism to maintain low expression (Konigsberg and Godson 1983) . We have shown elsewhere (Sharp and Li 1986 ) that these genes do not have significantly more rare codons than do a large number of other E. coli genes expressed at moderate to low levels. From the data presented here (table 1, fig. 1 ) it can be seen that dnaG and araC are accumulating synonymous substitutions at a rate typical of genes with a low codon bias. This suggests that the incidence of rare codons, yielding a low CAI, in these genes results from a comparative lack of negative (purifying) selection rather than from the presence of positive selection.
The approximate time (tEs) of divergence of the E. coli and S. typhimurium lineages has been estimated previously by using rRNA molecular clocks (Hori and Osawa 1978; Ochman and Wilson 1986) . Hori and Osawa cited Hori's (1976) data for 5s rRNA, which was used to produce a phylogeny of eukaryotes and prokaryotes. Assuming that the ancestors of man and Xenopus diverged 300 Myr ago, they estimated tES to be 37 & 26 Myr ago. This assumes that 5s rRNA evolves at the same rate in vertebrate and enterobacterial lineages. Ochman and Wilson (1986) , using similarity values (S& for 16s rRNA comparisons, estimated tES to be 1 lo-150 Myr ago. The average number of substitutions per synonymous site between E. coli and S. typhimurium from the 23 genes examined here is 0.90, and the rate of synonymous substitutions per year (Vs) can be derived for the above estimates of tEs. If tEs = 37 Myr, then Vs = 12.4 X 10s9 substitutions/site/year. This is -2-3 times higher than the 228 Sharp and Li average rate (4.7 X 10w9) for 35 mammalian genes (Li et al. 198%) . If tES = 130 Myr ago, then Vs = 3.5 X 10d9, which is somewhat lower than the mean value for mammalian genes. These rate estimates are perhaps surprising. Since bacteria have a short generation time, their number of DNA replications per unit time could be much greater than that of mammals. Then, unless mammals have a comparatively inefficient DNA repair system, the rate of mutation should be much higher in bacteria. In turn, Vs should also be considerably higher in bacteria. Therefore, we conclude either (1) that the estimates of tES cited above are too high or (2) that selection against synonymous mutations is more effective in these bacteria than in mammals, perhaps owing to a much larger population size or stronger selective constraints on synonymous-codon usage (Li, accepted).
The present study indicates that Vs in Enterobacteria is influenced by natural selection differentiating between alternative synonymous codons. This is also likely to be true in multicellular organisms, although in the latter the determinants of synonymous-codon usage remain to be elucidated. Selection on synonymous codons is perhaps the most subtle form of natural selection detected; yet, because of the small selective differences involved, it is probably the most pervasive. Since the Vs apparently can vary widely among genes, separate molecular clocks of synonymous substitution should be used for genes with different levels of synonymous-codon usage bias.
